A large number of methanol-utilizing bacteria were screened for extracellular production of pyrroloquinoline quinone (PQQ) by using methanol as the carbon and energy sources. Of the bacteria selected, Hyphomicrobium sp. strain TK 0441 was examined for PQQ production by using a jar fermentor. The amount of PQQ in the broth and the level of methanol dehydrogenase activity in the cells were increased by simply decreasing the amount of Fe added to the medium. On the other hand, extracellularly produced protein which interfered with the purification of PQQ was decreased by simply increasing the amount of Mg added to the medium. A suitable medium that contained 1 ,ug of Fe per ml, 150 ig of Mg per ml, and trace elements was developed. In this medium, the production of PQQ reached approximately 1 mg/ml and protein formation was low.
In 1979, pyrroloquinoline quinone (PQQ) was purified and crystallized as a cofactor of methanol dehydrogenase, which was produced by methanol-utilizing bacteria (35) . PQQ was found in several bacterial enzymes, including glucose dehydrogenase (14) , alcohol dehydrogenase (13) , aldehyde dehydrogenase (2), glycerol dehydrogenase (5), polyethylene glycol dehydrogenase (26) , and polyvinyl alcohol dehydrogenase (37) . Furthermore, Ameyama et al. (3, 4, 6) reported the stimulating effect of PQQ on the growth of bacteria and yeasts, and Shimao et al. (36, 38) isolated a PQQ-requiring bacterium.
PQQ has also been found in such eucaryotes as fungi, plants, and mammals (7, 16, 19, 30, 33, (48) (49) (50) (51) . However, Janes et al. (24) reported 6-hydroxydopa instead of PQQ at the active site of bovine serum amine oxidase (30) and Kumazawa et al. (28) failed to verify the presence of PQQ in bovine plasma amine oxidase. At present, whether PQQ is a cofactor in eucaryotes is questionable. However, disease caused by a deficiency of PQQ in mice and rats has been reported by Killgore et al. (27) ; furthermore, PQQ has been detected in rat tissues and human body fluids (29) . In addition, therapeutic uses of PQQ for mammals have been reported, including use as a scavenger (20) and as an inhibitor of liver disease (54) and cataract formation (34) .
Ameyama et al. (1) showed that some methylotrophs were most favorable for study of PQQ production and that more than 10 ,ug of PQQ per ml was produced in broth after 2 days of incubation. McIntire and Weyler (32) reported the production of PQQ by the methylotrophic bacterium W3A1 during growth on methylamine, and van Kleef and Duine (53) reported that a large number of bacteria, including methylotrophs, extracellularly produced PQQ in microgram amounts per 1 ml of broth. Furthermore, van Kleef and Duine (52) and Houck et al. (22, 23) showed glutamate and tyrosine to be biosynthetic precursors of PQQ. However, bacterial production of PQQ is not economical. An organic chemical synthesis of PQQ has been reported by Corey and * Corresponding author.
Tramontano (12) . However, the synthesis requires many steps taking a very long time until completion and requires difficult steps for the removal of isomers and various other byproducts. At present, the yield of chemical synthesis of PQQ is low.
This article deals with the screening of bacteria which produced PQQ extracellularly and the establishment of optimum culture conditions for the production of PQQ by Hyphomicrobium sp. strain TK 0441 by using a jar fermentor.
MATERIALS AND METHODS
Screening of PQQ-producing bacteria. For the seed culture, bacterial cells were inoculated into 10 ml of medium in a test tube (18 by 165 mm) for 2 to 4 days at 30°C with shaking (220 rpm). Medium B was used for strains of the genera Methylobacillus (41), Methylophilus (25) , Methylobacterium (11, 17, 18) , Ancylobacter (40) , Hyphomicrobium (21, 44) , Xanthobacter (43) , Thiobacillus (43) , and Mycobacterium (39, 47) and for Paracoccus denitnificans strains (46) . Medium C was used for strains of the genus Acidomonas (45) . Medium D was used for Paracoccus alcaliphilus strains (46) . Medium E was used for strains of the genus Methylophaga (42) . Medium B contained 3.0 g of (NH4)2SO4, 1. XH2O (the content of Fe was 20% by weight, which was determined by using a Hitachi model P-5200 ICP radiance analyzer [Hitachi, Tokyo, Japan]), 2 g of ZnSO4 7H20, 0.1 g of MnSO4 7H20, and 0.1 g of CUSO4. 5H20, all per liter. The total volume was adjusted to 1,000 ml by the addition of distilled water. The concentration of methanol in the culture broth was detected as carbon compounds in the outlet gas by using a Sensortec methanol controller with a semiconductor detector (Sensortec, Shiga, Japan), and it was maintained at between 0.1 and 0.2% by weight.
Analytical methods. The growth of cells was estimated from the optical density at 660 nm. The concentration of methanol in the broth was measured by gas chromatography and the methanol controller, as described above. For estimation of the extracellular production of PQQ and protein and residual Fe and Mg in the broth, the cultures were centrifuged at 10,000 x g for 10 min and the supernatants were obtained. The supematants were diluted with 50 mM potassium phosphate (pH 6.0), and the concentrations of PQQ in the supernatants were measured by using a Shimadzu model LC-6A high-performance liquid chromatograph (Shimadzu) and a column (4.6 by 150 mm) on ODS A-302 (YMC, Kyoto, Japan). The solvent used was acetonitrile-water (1:9, vol/vol) containing 0. (8), except that 1 ,uM PQQ was added to the reaction solution. A unit of the enzyme is defined as the quantity which catalyzes the reduction of 2,6-dichlorophenol indophenol at the rate of 1 ,molmin at pH 9.0 and 30°C. The molecular extinction coefficient for 2,6-dichlorophenol indophenol at 600 nm was reported to be 1.91 x 107 cm2 mol- (9) . the basis of the production of PQQ and growth rate, was used for the study of PQQ production by using a jar fermentor.
Batch cultivation of Hyphomicrobium sp. strain TK 0441. Batch cultivation was done with a 30-liter jar fermentor. The temperature of the culture broth was controlled at 30°C and the concentration of methanol in the culture broth was maintained at between 0.1 and 0.2% by weight, but the pH of the culture broth was not controlled. The pH of the broth decreased from 7.0 in proportion to cell growth, and growth was stopped when the pH reached below pH 5.0 (Fig. 1) . Cell growth reached an optical density of approximately 3 at 660 nm at 2 days of cultivation, and afterward it decreased gradually. On the other hand, PQQ was produced in the broth linearly from when cell growth was stopped and reached 16 ,ug/ml at 10 days of cultivation. Methanol dehydrogenase activity in the cells varied during the growth phase, maximized at approximately 0.45 U/mg of protein during exponential growth, and decreased to below 0.1 U/mg of protein at 10 days of cultivation, when the production of PQQ had already stopped.
Effect of the amount of trace elements added to the medium on the production of PQQ. For the purpose of increasing the production of PQQ, the culture conditions were studied. During cultivation with the pH controlled at 6.8 to 7.0, the concentration of cells increased but the amount of PQQ in the broth was approximately 5 ,ug/ml, as shown in Table 1 . On the other hand, when the amount of the trace elements added to the medium was decreased, the concentration of cells decreased but the amount of PQQ increased. After the addition of 1/10 to 1/5 the quantity of the trace elements (1 to 2 ml of the trace element solution per 1 liter of medium), the amount of PQQ reached approximately 150 plg/ml, as shown in Table 1 stayed at approximately 1.5 U/mg of protein at 10 days of cultivation.
Effects of trace element components on the production of PQQ. The amount of PQQ was increased by using the medium containing 1/10 the quantity of the trace elements, and then the effect of each trace element component was studied. Cultivations with medium containing 1/10 the quantities of four of the five components (Ca, Fe, Zn, Mn, and Co) and the full quantity of the other component were done for 10 days. The amount of PQQ was small only with the medium containing the full quantity of Fe, and its value was nearly equal to that obtained with the medium containing the full quantities of all five trace elements, as shown in Table 2 the medium on the amounts of PQQ and protein in the broth was studied. Cell growth and the amounts of PQQ and protein were affected by the amount of Mg added, as shown in Fig. 4 . The amount of PQQ was approximately 500 ,ug/ml after 100 to 200 ,ug of Mg was added per ml, but it was approximately 300 ,ug/ml after 50 ,ug of Mg was added per ml. On the other hand, the amount of protein decreased after the amount of Mg added to the medium was diminished, and it was approximately 1 mg/ml after 100 to 200 ,g of Mg per ml was added. The residual Mg in the broth decreased after the amount of Mg added to the medium was diminished and was below 10 jig/ml after 50 ,g of Mg per ml was added. The 
